Multicellular glial calcium waves may locally regulate neural activity or brain energetics. Here, we report a diffusion-driven astrocytic signal in the normal, intact brain that spans many astrocytic processes in a confined volume without fully encompassing any one cell. By using 2-photon microscopy in rodent cerebellar cortex labeled with fluorescent indicator dyes or the calcium-sensor protein G-CaMP2, we discovered spontaneous calcium waves that filled approximately ellipsoidal domains of Bergmann glia processes. Waves spread in 3 dimensions at a speed of 4 -11 m/s to a diameter of Ϸ50 m, slowed during expansion, and were reversibly blocked by P2 receptor antagonists. Consistent with the hypothesis that ATP acts as a diffusible trigger of calcium release waves, local ejection of ATP triggered P2 receptor-mediated waves that were refractory to repeated activation. Transglial waves represent a means for purinergic signals to act with local specificity to modulate activity or energetics in local neural circuits.
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astrocytes ͉ Bergmann glia ͉ in vivo ͉ 2-photon microscopy ͉ G-CaMP2 L ike most eukaryotic cell types, astrocytes mobilize calcium from internal stores. Astrocytic calcium signals can also spread from cell to cell, as demonstrated in a variety of explanted central nervous system tissues, including cell culture (1-3), retina (4) , and neocortical brain slices (5) .
Advances in optical imaging methods have allowed astrocytic calcium signals to be imaged in vivo. Astrocytic signals occur spontaneously in the neocortex (6, 7) and can be evoked by somatosensory (8) and visual stimuli (9) , highlighting their potential significance for normal function. In all cases, the observed signals have occurred in well-defined populations of a few astrocytes at once.
Under some circumstances, calcium signals also spread in a wave-like fashion across many glial cells. In the retina, focal stimulation can trigger spreading astrocytic waves (4) . Spreading astrocytic waves can be triggered by focal electrical stimulation in brain slices (10) and by ATP release in culture (3, 11) . Glial waves have been observed in radial glia in the developing neocortex (12) and in models of spreading depression (13) (14) (15) .
We examined astrocytic signaling in the cerebellum in vivo, which has not been characterized previously. We used in vivo 2-photon microscopy in combination with either bolus loading of calcium indicators or expression of the genetically encoded calcium sensor protein G-CaMP2 targeted to Bergmann glia (BG), the astrocytes of the molecular layer (ML). In brain slices, BG mobilize calcium in response to a number of neurotransmitters (16, 17) and can generate subcellular domains of calcium release in response to synaptic stimulation via activation of purinergic receptors (18, 19) .
Here, we report that BG calcium release can be organized into highly symmetric waves. We characterize these waves in 3 dimensions and show that they form near-ellipsoidal domains that span dozens of processes. Wave generation and intercellular propagation require the local release of a small purine followed by its diffusional spread.
Results
Spontaneous Calcium Waves in Bergmann Glia in Vivo. To measure glial calcium signals in vivo we performed 2-photon laser scanning microscopy on cerebellar folia crus I and II in anesthetized rats and mice. We first used multicell bolus loading (MCBL) (20) of calcium indicators in rat cerebellar cortex (21) . By using fluo-5F/AM (K D ϭ 1.0 M), visible structures in the ML were brightly labeled glial processes and faintly labeled interneurons (Fig. 1A ). Processes were identified as BG palisades by their orientation along the parallel fiber (PF) axis and by the fact that they arose from numerous appendages sprouting from larger main processes (22) (Fig. 1 A, supporting information (SI) Movie S1). This labeling pattern was confirmed by photoconversion of fluo-4 and fluo-5F to electrondense products for examination by transmission electron microscopy (23) . Live imaging revealed signals in subcellular processes and an unusual widespread type of spontaneous calcium signal in the form of spreading transglial waves. Waves initiated at a center point, then expanded radially to encompass multiple BG stem processes and their appendages (Fig. 1B, Movie S2 ). In total we analyzed 108 spontaneous calcium wave events in 22 rats, and 23 spontaneous calcium wave events in 11 mice.
Three-Dimensional Characterization of Transglial Calcium Waves. The duration of calcium signals, defined as the interval during which the mean fluorescence change reached or exceeded 10% of the peak value, was 11 Ϯ 5 s (range, 3-22 s) in rats, comparable to signals previously observed in vitro (18) . Within the normal xy-imaging plane signals filled approximately elliptical domains with a mean area of 3,500 Ϯ 2,800 m 2 ( Fig. 1C , Table S1 ). The maximum extent was reached within an expansion time of 4.2 Ϯ 2.1 s.
The elliptical appearance of domains spanning multiple BG suggested that they were mediated by a diffusible extracellular signal emanating from a single source. Consistent with diffusion, the wavefront velocity decreased from near-center values by Ϸ60% at a distance of 40 m (Fig. 1D) . The apparent diffusion coefficient D app of the expanding area A, calculated by using the relation D app ϭ A/4t, was 165 Ϯ 11 m 2 /s (mean Ϯ SEM). Diffusionmediated spread should be anisotropic because extracellular diffusion in the ML is Ϸ1.4-fold faster in the PF axis than in the perpendicular direction (24) . Consistent with this, transglial do-mains had an average major-to-minor axis ratio of 1.3 Ϯ 0.2, major and minor axis lengths of 37 Ϯ 13 and 29 Ϯ 12 m, and were oriented along the PF axis (angle of deviation ϭ 2 Ϯ 22°; Fig. 1E ).
To characterize spread of transglial waves in the third dimension, in a second set of experiments we used ''arbitrary plane imaging'' (25) . Rat cerebellar cortex was bolus-loaded with OGB-1/AM and scanned in an xz parasagittal plane, parallel to Purkinje cell (PC) dendritic arbors and perpendicular to the PF axis (Fig. 1F , Movie S3). Waves formed elliptical domains in the parasagittal plane ( Fig.  1G ; Table S1 ). Domains were oriented along the pia-granule cell layer axis (deviation ϭ 4 Ϯ 12°, Fig. 1H ) with a major-to-minor axis ratio of 1.5 Ϯ 0.2 (Fig. 1G ). Anisotropy coincides with the presence of BG stem processes running in the z direction, suggesting that signals may spread or be amplified within individual BG.
Spread of Calcium Waves Through Bergmann Glia. To visualize transglial waves more clearly in BG we used the nonreplicating adenovirus AdEasy-1 (26) to express the calcium-sensitive fluorescent protein G-CaMP2. When injected into the mouse cerebellar cortex in vivo, this adenovirus infected only glial cells, consistent with in vitro observations (27) . Reconstruction and calcium measurements were possible to a depth of 230 m in the 2 main astrocyte populations, BG ( Fig. 2A) and velate astrocytes in the granule cell layer. By varying the amount and depth of virus injection and the time after infection we obtained infection patterns ranging from sparse labeling of individual BG (Fig. 2 A, Movie S4) to complete labeling in a region Ͼ250 m wide. Between 1 and 25 days postinfection no dead cells or changes in tissue appearance or BG morphology (compared with GFP-GFAP mice) were observed.
Radially expanding calcium waves were observed throughout the ML (Fig. 2B , Movie S5), with fluorescence changes of up to 93% above baseline in individual processes. Domains were oriented along the PF axis ( Fig. 2 C and D) and had a D app of 152 Ϯ 17 m 2 /s (mean Ϯ SEM), indistinguishable from rat (P ϭ 0.84, 2-tailed t test). Compared with MCBL-loaded rat cerebellum, domains were smaller (major and minor axis lengths of 25 Ϯ 5 and 19 Ϯ 4 m, P Ͻ 0.001, 2-tailed t test) and briefer (6 Ϯ 2 s, P Ͻ 0.001, 2-tailed t test), perhaps reflecting the high cooperativity of G-CaMP2 for calcium (Hill coefficient ϭ 3.8). In addition, velate astrocytes also showed transglial waves (5 events, 3 mice; Movie S6) at a depth of up to 100 m below the Purkinje cell layer, indicating that they are triggered in the granular layer. Velate cell waves had an expansion time of 2.5 Ϯ 0.4 s, lasted 10.4 Ϯ 3.3 s, and had a diameter of 49 Ϯ 12 m.
We estimated the number of BG cells and processes encompassed by the domain of a single transglial wave. Reconstructed image stacks from GFAP-GFP mice had a density of one BG per 84 Ϯ 16 m 2 in the xy plane. Thus, an average domain of 1,500 m this larger effective domain is 51 Ϯ 11 cells, all of which potentially contribute to the transglial wave.
Spontaneous Subcellular Glial Calcium Signals. In addition to waves we also observed subcellular calcium transients in G-CaMP2-expressing BG that resembled microdomains previously described in brain slices (29) . In xy scans of BG processes these transients were 5.5 Ϯ 1.6 m wide and lasted 2.4 Ϯ 0.8 s (18 events in 5 mice, Fig.  S1 A and B) . In velate astrocytes the transients occurred mainly in processes, had a diameter of 7.6 Ϯ 1.9 m, and lasted 2.6 Ϯ 0.8 s (13 events, 4 mice; Fig. S1C ). Subcellular events were also detected in MCBL experiments but the assignment to specific cellular structures was not possible because of the low contrast and lack of cell-type specificity.
Transglial Calcium Waves Recur in the Same Location. The expanding dynamics of waves suggested that they were triggered at discrete origination sites. In search of repeated wave origination from the same site we monitored fields of view in the ML for 14 to 96 min. Movies contained 2 to 30 events each (Fig. 3A) that often overlapped in space (Fig. 3B) . If waves originated at random locations, the squared center-to-center distance of pairs of overlapping events should be uniformly distributed (Fig. 3C, gray histogram) . In contrast, for actual overlapping pairs, squared distances were skewed toward short distances (Fig. 3C , red histogram; different from uniform distribution, P Ͻ 0.01, Kolmogorov-Smirnov test), consistent with the existence of wave-triggering foci.
Extended monitoring also allowed us to test whether waves were triggered by laser illumination (30) . Events appeared at a uniform rate of 0.40 Ϯ 0.13 waves per minute of observation ( Fig. 3D ; rate not correlated with observation time, P ϭ 0.3, n.s., 2-tailed t test), suggesting that events are not illumination-induced. Waves could also initiate outside the FOV and sometimes began before the start of imaging. Calcium waves were observed under all types of anesthesia used: urethane, ketamine/xylazine, and isoflurane (Table S1 and Table S2 ). Thus, transglial calcium waves occur spontaneously under a variety of conditions. 
Spontaneous Transglial Calcium Waves Are Reversibly Blocked by P2
Receptor Antagonists. BG express a variety of G protein-coupled receptors that couple to calcium release from intracellular stores (17, 31), including P2Y receptors, which are activated by ATP (16, 18, 19) . To test whether spontaneous transglial waves rely on a purinergic receptor-dependent mechanism, we imaged transglial waves in rats before, during, and after surface application of the P2 receptor antagonists PPADS (500 M, Fig. S2 ), or suramin (1 mM). The rate of spontaneous events as measured with Fluo-5F was significantly reduced to 12 Ϯ 6% of control for PPADS (n ϭ 4) and 7 Ϯ 12% for suramin (n ϭ 3), respectively ( Fig. 3E ; P Ͻ 0.01, 2-tailed t tests). After PPADS and suramin were carefully rinsed off the brain surface with saline, the rate fully recovered to 96 Ϯ 17% and 83 Ϯ 17% of control (Fig. 3E , PPADS, P Ͻ 0.01, suramin, P Ͻ 0.05, 2-tailed tests).
Local ATP Injection Triggers Radially Expanding Transglial Waves.
The ability of purinergic receptor antagonists to block spontaneous waves suggests that local release of ATP could trigger calcium waves. To test this possibility we pressure-ejected ATP from a pipette placed in the ML of rats and mice loaded with fluo-5F/AM or mice expressing G-CaMP2. In all cases, ATP evoked spreading calcium waves similar to spontaneous waves (Fig. 4A , Movie S7; Table S1 , Table S3 ). Filled elliptical domains (Fig. 4B ) had similar orientation (rat Fluo-5F, P ϭ 0.8; mouse Fluo-5F, P ϭ 0.7; mouse G-CaMP2, P ϭ 0.9, 2-tailed t test) and major-to-minor axis ratio as spontaneous waves (rat Fluo-5F, P ϭ 0.7; mouse Fluo-5F, P ϭ 0.3; mouse G-CaMP2, P ϭ 0.7; 2-tailed t test). No calcium waves were triggered by pressure ejection of saline (3 mice). ATP-triggered waves filled regions that were larger and more variable than spontaneous waves (19,000 Ϯ 8,000 m 2 , range 7,800-30,600 m 2 ,
8 events in 4 rats; P Ͻ 0.05, 2-tailed t test). D app was similarly variable (700-3,000 m 2 /s). D app was correlated with the size of the responding region (rank correlation, ϩ1.0), suggesting that signaling mechanisms may have been saturated by the amount of ATP injected or that pressure ejection introduced a nondiffusive component to the wave spread.
To examine the 3-dimensional geometry of ATP-triggered waves, ATP was injected repeatedly at one location and calcium changes were imaged at different depths. Waves were visible at a range of scan depths, indicating an overall ellipsoidal geometry (Fig.  4C) . ATP injection at the pial surface and in the molecular and Purkinje cell layers could trigger waves. Injection in the lower third of the ML spread to underlying Purkinje cell somata (Movie S8) and velate astrocytes (Fig. 4D) . Thus, all of the depths at which waves originate and propagate are sensitive to ATP.
We used ATP to further probe the properties of spreading calcium events. As was observed for spontaneous events, application of PPADS (500 M) to the brain surface reduced the amplitude of ATP-triggered signals by 53 Ϯ 30% (P Ͻ 0.05, n ϭ 3) from control ( Fig. 4E) , consistent with a P2 receptor-dependent mechanism. P2 receptor activation triggers calcium release from internal stores (19, 32) , which after activation can be refractory for tens of seconds as refilling occurs (33) . We delivered 5 successive ATP injections at different-spaced time intervals (Fig. 4 F and G) . At the shortest interval tested, 20 s, the fifth response to ATP was reduced to 23 Ϯ 4% (rat, fluo-5F, n ϭ 4), 33 Ϯ 4% (mouse, fluo-5F, n ϭ 4), and 11 Ϯ 2% (mouse, G-CaMP2, n ϭ 4) of the size of the first response. At 120-s intervals the amplitude of the fifth response was undiminished at 100 Ϯ 16% (rat, fluo-5F), 100 Ϯ 7% (mouse, fluo-5F), and 99 Ϯ 3% (mouse, G-CaMP2) of the first response. Responses recovered to half the size of the first response in an estimated 27 Ϯ 9 s (rat, fluo-5F), 30 Ϯ 6 s (mouse, fluo-5F), and 37 Ϯ 4 s (mouse, G-CaMP2), consistent with refilling times for internal stores. These results are consistent with a mechanism in which point-like release of ATP acts on P2 receptors to trigger transcellular calcium release waves.
Discussion
This work represents the first demonstration in the intact brain of intercellular calcium waves triggered by purinergic mechanisms. The occurrence of spontaneous calcium waves encompassing multiple BG processes within a defined volume represents a means for normal tissue to generate a regional signal.
Subcellular and Spreading Events. Our observation of spontaneous calcium signals in individual BG processes echoes previous findings in other brain regions in vivo, where signals tend not to spread between neighbors, are unresponsive to purinergic receptor blockers, and have functionally nonoverlapping domains (9, 34) . Subcellular signals coexisted in the same tissue with more widespread signals spanning dozens of processes in well-delimited, approximately ellipsoidal spaces. Resolution and assignment of signals to BG cellular processes was made possible by the use of G-CaMP2. G-CaMP2 also provided a means of obtaining measurements without acute introduction of a dye-containing electrode, which could damage tissue. The fact that a less invasive approach yielded repeated ellipsoidal waves indicates that they are not pathological, unlike spreading depression, another wave-like phenomenon seen in neocortical (14, 15) and cerebellar (13) astrocytes that differs by being independent of purinergic receptor activation (13), having higher speeds (Ͼ15 m/s), and a spatial range of millimeters. Waves recurred in the same location, but were not restricted to functional domains, because waves with spatially segregated initiation centers could overlap. Wave domains were seen throughout the molecular layer, with their major axis in the transverse plane oriented along the PF axis, whereas the long axis in the sagittal plane follows the direction of the main processes of BG. These features suggest that ellipsoidal waves can be driven repeatedly throughout the molecular layer by purine release events. Recent reports indicate that in awake animals, BG signals may occur repeatedly in larger spatial domains than the current report. † Origin and Mechanism of Expanding Transglial Waves. Whether the purinergic triggering signal arises from neurons or glia is currently unknown. Astrocytes can release ATP in a point-like fashion (11) , opening the possibility that BG or parts thereof could activate neighboring BG. Such a feedback step could account for why the apparent diffusion coefficient for spontaneous waves was somewhat slower than the estimated diffusion constant of ATP (200-400 m 2 /s) (35) , raising the possibility of intermediate cell-to-cell signaling steps in wave propagation. Another source is molecular layer interneurons, which can release ATP after parallel fiber stimulation (19) .
The unusual symmetry of intercellular waves may arise from the relatively anisotropic properties of extracellular diffusion. For a half life of 200-500 ms (36) the 2-dimensional full-diameter range of ATP is 2*(4Dt) 1/2 ϭ 25-56 m, comparable to the range in 2 dimensions of our observed waves and to observations of ATP spread in cultured astrocytes (3, 11, 37) and ex vivo retinal preparations (38) .
The relative contribution of purinergic and gap junction mechanisms to intercellular glial signaling is likely to depend on brain region-specific factors (39) . Our observations suggest that in the cerebellum the size of purinergic sources, as well as their rate of clearance and breakdown, allow for local spread of calcium waves to encompass up to dozens of astrocytic processes in vivo. In neocortex, iontophoretic application of ATP can trigger calcium waves that spread beyond the field of view (40), but no evidence has yet been reported from neocortex of spontaneous or synaptically driven ATP-mediated waves. This absence suggests that under many conditions in the intact neocortex, endogenous ATP release events may be relatively small or infrequent. Conversely, gap junction-mediated coupling, a known mechanism for the spread of glial waves in brain slices (39) , may be unfavored in cerebellum because gap junction coupling between BG is blocked by calcium itself (41) .
Functional Consequences. The downstream effects of transglial calcium waves may include blood flow regulation and energetics, neuroprotection, and guidance of synaptic plasticity. Astrocytes are known to play a role in blood flow regulation (30) . Activation of molecular layer interneurons can cause vasodilation (42) . With ATP release from these cells (19) triggered transglial calcium waves could result in the calcium-dependent release of cyclooxygenases necessary for the local control of blood flow to metabolically active regions. Interestingly, stimulation of the climbing fiber pathway causes lactate accumulation originating from BG, an energy source for metabolically active neurons (43) . ATP is also converted to adenosine, which can offer neuroprotection after transient hypoxia (44) and affect synaptic plasticity (45) . Thus, known glial and neuronal mechanisms provide several ways in which glial activity can affect brain function. In the cerebellum, the domain-based geometry of ellipsoidal waves suggests that these functions may be organized into groups that are related to one another not just by connectivity, but also by proximity.
Materials and Methods
Surgery. Procedures were performed in accordance with the guidelines of the National Institutes of Health and were approved by local authorities (Princeton University Institutional Animal Care and Use Committee; Cantonal Veterinary Office Zü rich). Wistar rats (3-6 weeks) or C57/black6 mice (3-4 weeks) were anesthetized by i.p. injections of either urethane (1.5 g/kg) or a mixture of ketamine (80 mg/kg) and xylazine (6 mg/kg) (Sigma-Aldrich). Body temperature was maintained at 37°C by using a temperature controller and heating blanket (FHC Inc.). A craniotomy (diameter, 1-2 mm) was made above the crus I or II area of the lateral cerebellum. In rats the dura was removed. Animals anesthetized with ketamine and xylazine were either given supporting doses of anesthetic or kept under anesthesia with 0.5-1.0% isoflurane in oxygen administered by a gas anesthetic regulator (LEI Medical).
Multicell Bolus Loading of Calcium Indicators. In vivo bolus loading of indicators was done as described refs. 20 and 21 with an injection depth of the synthetic fluorescent calcium indicators Fluo-5F/AM and OGB-1/AM (Invitrogen) 50 -100 m below the pia. Agarose (1.0 -1.5%, type III-A, Sigma-Aldrich) was dissolved in saline and applied to the brain surface to reduce motion artifacts during imaging.
Adenovirus with G-CaMP2 and Monomeric DsRed Sequence. To overcome the low resting fluorescence of G-CaMP2 the monomeric DsRed sequence (Clontech) was inserted at the KpnI site (bp463) of the G-CaMP2 sequence. The resulting fusion sequence (G-CaMP2DSRed) was inserted into the replication-incompetent adenovirus AdEasy-1 [JHU-23, ATCC (26) ] under the CMV immediate-early promoter following the protocol of the AdEasy kit and adenovirus standard procedures (see SI Methods).
Viral Infection with G-CaMP2DSRed. A 0.5-mm craniotomy in the crus I or II area of the mouse cerebellum was drilled leaving the dura mater intact; 100 -600 nL of virus solution (cell lysate or CsCl purified, 0.2 m filtered) was then slowly injected (200 -600 nL/h, Ͻ0.03 bar) into the brain with a beveled quartz pipette (5-m tip opening) at an angle of 45°to the dura and to a depth of Ϸ200 m. After 1-25 days of recovery, craniotomies 1-2 mm wide were made for imaging. Two-Photon Laser Scanning Microscopy. Imaging was performed with custombuilt 2-photon microscopes by using CfNT (Max Planck Institut for Medical Research) and ScanImage (46) software. Bolus-loaded tissue was excited at 840 nm by using a Mira 900 (Coherent Inc.) or MaiTai Ti:Sapphire laser (Spectra-Physics) focused into the tissue by using a 40ϫ, 0.8 NA (Carl Zeiss or Olympus), or a 20ϫ, 0.95 NA water-immersion objective (Olympus). In tissue expressing G-CaMP2_DsRed, excitation light was 920 nm for calcium imaging and 990 nm for reconstructing morphology. Arbitrary plane calcium imaging (25) in the x-z plane was done with the aid of custom-written LabView (National Instruments) software (25) by mounting a 40ϫ, 0.8 NA objective (Olympus) on a piezo-electric fast z-focusing device (P-725.4CD, Physik Instrumente) at an excitation wavelength of 870 nm.
Pharmacology. For local injections patch pipettes were filled with ATP (1-10 mM, Na 2-ATP, Sigma-Aldrich) dissolved in saline containing 135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2, 5 mM MgCl2, 5 mM Hepes⅐HCl, pH 7.3; filtered through a 0.2-m pore filter; and positioned in the cerebellar molecular layer. Alexa 594 (15 M) was included to visualize the pipette and ATP ejection. Single or brief puff trains (in case of trains 5, 10 Hz puffs of 5-10 ms) were applied at a pressure of Յ0.7 bar by using a Pressure System IIe (Toohey Company). PPADS (500 M) and suramin (1 mM; both drugs from Tocris) were applied directly to the brain surface. To identify and quantify regions of spreading calcium change, for all movies ⌬F/F values were calculated for every pixel over the movie duration and thresholded to binary by setting to 1 the pixels Ͼ2 standard deviations above zero ⌬F/F. The ''majority'' morphological operation (MATLAB bwmorph) was applied to each movie frame. This operation was repeated 3 times for all movie frames. Additional mask editing was performed to remove noise that remained. To detect glial waves, the sum A was taken of all ''on'' pixels in a movie frame. The maximum value of A in a movie provided the maximal extent of a wave. Ellipses were fit to the maximum extent of waves by using a stable direct least-square fitting algorithm. Expansion time was defined as the time it took for a wave to reach its maximum extent. Average duration of a wave was defined as the time over which the mean fluorescence change reached 10% of the peak value or greater. Local wavefront velocity (Fig. 1D ) was calculated by measuring the time for the wave to pass 2 points 10 m apart. Average wavefront velocity was calculated by dividing the distance to maximal extent by the duration to maximum extent. A robust linear fit to the rising phase of the 2-dimensional area increase of a wave over time was used to obtain an apparent diffusion coefficient D app, where Dapp ϭ A/(4*t). Data in the text are presented as mean Ϯ standard deviation unless otherwise stated. Significance tests are one-tailed unless otherwise stated.
